The regulation and the dynamics of membrane trafficking events have been studied primarily in in vitro models that often do not fully reflect the functional complexity found in a living multicellular organism. Here we used intravital microscopy in the salivary glands of live rodents to investigate regulated exocytosis, a fundamental process in all of the secretory organs. We found that β-adrenergic stimulation elicits exocytosis of large secretory granules, which gradually collapse with the apical plasma membrane without any evidence of compound exocytosis, as was previously described. Furthermore, we show that the driving force required to complete the collapse of the granules is provided by the recruitment of F-actin and nonmuscle myosin II on the granule membranes that is triggered upon fusion with the plasma membrane. Our results provide information on the machinery controlling regulated secretion and show that intravital microscopy provides unique opportunities to address fundamental questions in cell biology under physiological conditions. in vivo imaging | cytoskeleton
Edited* by Jennifer Lippincott-Schwartz, National Institutes of Health, Bethesda, MD, and approved July 11, 2011 (received for review November 9, 2010) The regulation and the dynamics of membrane trafficking events have been studied primarily in in vitro models that often do not fully reflect the functional complexity found in a living multicellular organism. Here we used intravital microscopy in the salivary glands of live rodents to investigate regulated exocytosis, a fundamental process in all of the secretory organs. We found that β-adrenergic stimulation elicits exocytosis of large secretory granules, which gradually collapse with the apical plasma membrane without any evidence of compound exocytosis, as was previously described. Furthermore, we show that the driving force required to complete the collapse of the granules is provided by the recruitment of F-actin and nonmuscle myosin II on the granule membranes that is triggered upon fusion with the plasma membrane. Our results provide information on the machinery controlling regulated secretion and show that intravital microscopy provides unique opportunities to address fundamental questions in cell biology under physiological conditions. in vivo imaging | cytoskeleton R egulated exocytosis is a key cellular process in which molecules destined for secretion are packaged into vesicles that constitutively bud from the trans-Golgi network and, upon receiving the appropriate stimuli, fuse with the plasma membrane (PM), releasing their content into the extracellular space (1) (2) (3) (4) . One of the experimental models that has been extensively used to study the regulated exocytosis is the acinar cells of the salivary glands (SGs) in which the large SCGs, upon stimulation of the appropriate G protein-coupled receptors, fuse with the apical plasma membrane (APM), where they release their contents into a network of canaliculi and ducts (5) (6) (7) . In SGs, three fundamental questions need to be addressed: (i) what stimulus triggers exocytosis of the large SCGs? (ii) what is the modality of fusion of SCGs to the APM? and (iii) what is the role of the actin cytoskeleton in this process? These issues have been studied extensively in vivo, either by measuring the levels of secreted proteins or by electron microscopy, and both in vitro and ex vivo by using light microscopy. Although these approaches have provided ground-breaking information on several aspects of regulated secretion, they show some limitations. Indeed, the former provides an indirect estimate of the exocytic events, whereas the latter relies on models that do not fully reproduce the complex structural and functional tissue organization found in live animals. Moreover, using isolated acinar preparations, several groups have reported a wide spectrum of contradictory findings. For example, in vivo and ex vivo studies suggest that in parotid and submandibular SGs, the release of secretory proteins is primarily controlled by the β-adrenergic receptor (7, 8) . However, other studies showed that the muscarinic receptor can also stimulate exocytosis and play a synergistic role in the β-adrenergic-mediated release of the SCGs (9-11). Furthermore, in secretory cells, SCGs have been proposed to fuse with the PM by one of three different modalities: complete fusion events, kiss-and-run events, and compound exocytosis (4, 12, 13).
In explanted SG slices and in acinar preparations from other exocrine tissues, both complete fusion events and compound exocytosis have been observed under different experimental conditions by using either differential interference contrast microscopy (9-11) or two-photon microscopy (4, 11, (13) (14) (15) (16) (17) . Finally, the role of actin during exocytosis has been extensively investigated, and various models have been proposed. Indeed, actin has been suggested to (i) act as a barrier at the APM to limit the fusion of the SCGs, (ii) hold SCGs at the APM, (iii) direct SCGs to the fusion site, (iv) facilitate SCG fusion with the PM, (v) control compound exocytosis, and (vi) regulate compensatory endocytosis (4, (18) (19) (20) (21) (22) (23) (24) . Although it is possible that actin is involved in all these processes at the same time, one alternative is that different results reflect the various experimental systems and tools used.
To overcome these issues, we set up an experimental system aimed at imaging and tracking large SCGs in live animals, avoiding those procedures used to isolate and maintain acinar preparations that may impact the experimental outcome (mechanical stress, enzymatic digestion, choice of the appropriate culture media, and proper level of oxygenation). Our approach used confocal intravital microscopy (IVM) as the imaging technique and the submandibular SGs of live rodents, a model organ that we have previously used to study membrane trafficking under physiological conditions (25) (26) (27) .
In this study, we focus on the dynamics and the machinery regulating the fate of the SCGs after their fusion with the APM. To this aim, we used a combination of transgenic mice and gene transfection into the SGs of live rats, which enabled us to visualize the SCGs, their limiting membranes, their content, and the actin cytoskeleton. Here, we show that exocytosis of the SCGs in the SGs in vivo is elicited exclusively by the β-adrenergic receptor and not the muscarinic receptor. Furthermore, we determine that after fusion with the APM, SCGs completely collapse without any evidence of compound exocytosis. Finally, upon fusion with the APM, F-actin and nonmuscle myosin II are recruited onto the surface of the SCGs, where they provide a scaffold that facilitates the collapse with the APM and prevents the homotypic fusion of the SCGs. These results show that IVM provides the opportunity to study exocytosis in living animals and the dynamics of various cellular processes under physiological conditions.
Results
Imaging the Secretory Granules in the Salivary Glands in Live Animals.
In SGs, proteins are secreted at the APM primarily through the regulated exocytosis of large SCGs (7) . As a model to image the dynamics of these vesicles, we used transgenic mice ubiquitously expressing a soluble form of the green fluorescent protein (GFP) (28) . By using intravital two-photon microscopy, we observed that, in the acinar cells of the SGs and the other exocrine glands tested, cytoplasmic GFP was excluded from large vesicles (Figs. S1 and S2). To better resolve these vesicles, we used confocal microscopy, which allows us to control the thickness of the optical slices, providing a higher resolution compared with twophoton microscopy ( Fig. S1) (29) . On the basis of their size (1-1.5 μm in diameter), behavior (see below), and lack of overlap with markers for other large intracellular organelles, these vesicles were identified as SCGs (Fig. S2) . By performing a z-scan of the SGs, we determined the optimal imaging depth to be between approximately 10 and 15 μm below the surface of the glands (Fig. 1A and Fig. S3 ). At this depth, the first layers of acini were optically sectioned in the middle (Fig. S3 ) where both SCGs (Fig.1A , arrowheads) and acinar canaliculi (Fig. 1A, arrow) are clearly visible. Indeed, GFP highlighted the APM as identified by the enrichment in cortical F-actin (Fig. 1B , Inset, and Movie S1). Although we have not established the reason for this enrichment, we speculated that GFP may bind to some of the components of the actin cytoskeleton in a nonspecific fashion.
Regulation of Fusion of Secretory Granules in the Salivary Glands of
Live Animals. Because there are conflicting data generated in in vitro and ex vivo systems about the role of β-adrenergic and muscarinic receptors in SGs, we sought to determine which stimulus elicits exocytosis of the SCGs in vivo. Exocytosis was assayed by estimating the reduction in the number of large SCGs after agonist stimulation, as shown by others (8, 11) . To this aim, we injected isoproterenol (Iso, a β-adrenergic agonist) and imaged the SCGs by time-lapse confocal microscopy ( Fig. 1C, Left) . Thirty minutes after the injection of Iso, we observed an 80% reduction in the number of SCGs and a significant expansion of the acinar canaliculi (Fig. 1C , Right and Insets). The reduction in the number of SCGs was uniformly observed throughout the acini (Movie S2), confirming that SCGs underwent exocytosis. Although our experimental setup did not allow directly imaging the fusion step (i.e., the mixing of the membrane bilayer), this assay provided an indirect estimate of the fusion events of the SCGs with the APM. The maximal rate of degranulation was elicited when between 0.1-0.5 mg/kg of Iso was injected ( Fig. 1D ) and occurred after 2-5 min from the injection. Higher doses of Iso (>0.5 mg/kg) induced the rapid formation of large vacuoles (Fig.  S4 ), which most likely represent a nonphysiological process (30) . The same response was also observed in the parotid glands and in the SGs of live rats, and neither the externalization of the glands nor the GFP expression had any effect on the regulation or the rate of degranulation (Fig. S4) . Injections of carbachol (Carb, a muscarinic agonist), even at doses comparable to those used in ex vivo explants, did not stimulate any degranulation in contrast to previously reported data ( Fig. 1E ; Fig. S4 ; Movie S3). However, Carb showed a biological activity because it induced fluid secretion as expected ( Fig. S5 ) (9-11, 31, 32) . Finally, coinjection of Iso and Carb did not result in any significant increase in the rate of degranulation ( Fig. 1E and Fig. S5 ).
After Fusion with the Apical Plasma Membrane, the Secretory Granules Collapse in a Single
Step. Next, we imaged the dynamics of the SCGs at the APM. The scanning speed was increased to 0.2-0.6 s/frame to visualize the large SCGs, which undergo exocytosis in a slow fashion (several seconds up to minutes) (3, 4) . Upon injection of Iso, most of the cytoplasmic SCGs increased their motility, whereas those closer to the APM did not. This subpopulation of SCGs exhibited a two-to threefold increase in the GFP fluorescence surrounding it (Movies S4 and S5), which correlated with the recruitment of F-actin ( Fig. 2A) . Notably, these SCGs decreased in size slowly (40-60 s) and gradually collapsed into the APM (Fig. 2B , arrows, and C, and Movie S6), suggesting that exocytosis of SCGs was imaged. This idea is further supported by the fact that these events were observed only when degranulation was stimulated by Iso (Movie S3). Previous studies in acinar preparations of explanted exocrine glands showed that this process occurs through compound exocytosis rather than through single fusion events (4, 11, 33) . Compound exocytosis has been defined as the process by which large SCGs fuse with SCGs that are already connected with the APM, generating strings of three to four interconnected granules (13) . These strings, which have been reported to be stable for more than 20 s, should have been detectable under the imaging conditions used in this study (17, 34) . However, we cannot exclude that, due to the thin optical slices used to image the SCGs in the GFP mice, some of the interconnections between the fusing SCGs might have been missed. To clarify this, we used two alternative approaches. First, we slowly infused a fluorescently labeled dex- tran into the ductal system of a live rat (Fig. 2D) (27) . This approach mimics the bathing of the explanted glands in small fluorescent probes that has been used to investigate exocytosis in ex vivo models (11, 13, 14, 16, 17, 35) . For this set of experiments, we used larger optical sections (1-1.2 μm, Fig. S1 ) closely matching those achieved by two-photon microscopy experiments that have been successfully used to image compound exocytosis (15) . Upon injection of Iso, the dye rapidly filled large vesicular structures, which later gradually collapsed with the APM (Fig. 2 E and F and Movie S7). On the basis of their size (1-1.5 μm in diameter), we argued that these structures represent SCGs, which have fused with the APM and have been filled with fluorescent dextran upon the opening of the fusion pore. This was confirmed by performing the same experiment in the mouse expressing soluble GFP, where the SCGs are visible (Fig. S6) . Under these conditions, we did not observe any evidence of compound exocytosis. Second, we used a transgenic mouse ubiquitously expressing a membrane-targeted peptide fused with the fluorescent protein tdTomato (m-Tomato mice) (36) . This reporter localized both at the apical and the basolateral PM but not in the SCGs (Fig. 2G) . The apical canaliculi were easily identified on the basis of their characteristic Factin coat and morphology ( Fig. 2I and Movie S8). In this model, we expected the m-Tomato to diffuse into the SCGs upon fusion with the APM, thus enabling us to track their fate. Also in this case, the optical section was increased to 1-1.2 μm to optimize the detection of the SCGs and the APM (Fig. S1 ). After injection of Iso, m-Tomato localized onto large circular structures (1-1.5 μm in diameter), and the acinar canaliculi appeared enlarged as shown for the GFP mice (Fig. 2H) . Time-lapse imaging showed that, upon injection of Iso, the m-Tomato circular profiles completely collapsed at a rate (40-60 s) similar to that observed for the SCGs in the GFP mice ( Fig. 2J and Movie S9). Fusing SCGs clustered around the expanded canaliculi, but compound exocytosis was not observed (Fig. 2J) . These vesicles represented the fused SCGs as shown by crossing the m-Tomato mice with the GFP mice (Fig. S6) .
Overall, our data support the idea that large SCGs in the SGs in vivo fuse at the PM and release their contents in the extra- cellular space in a single event, which leads to the controlled collapse of the granules into the APM. Although we have not observed any compound exocytosis of large SCGs, due to the spatial and temporal limitations of our experimental system, we cannot rule out that smaller vesicular structures (between 50 and 100 nm) fuse with the SCGs during the collapse.
F-Actin Is Recruited on the Secretory Granules After Membrane Fusion with the Apical Plasma Membrane and Is Required to Drive Their
Collapse to Completion. We observed that the size of the SCGs did not change for the first 5-10 s after fusion with the APM (Fig. 2 C,  F , and K, red circles). During this time the m-Tomato diffused into the SCGs with what appeared to be a slow rate. Interestingly, the fusion pore opened in parallel with the diffusion of the m-Tomato, as shown by infusing fluorescently labeled dextran into the ductal system of the m-Tomato mouse and stimulating exocytosis with Iso (Fig. S7) . After the intensity of the m-Tomato fluorescence reached a maximum, the granules sharply decreased in size (Fig. 2K, black  circles) . We hypothesized that this lag time was due to the recruitment of the machinery regulating the collapse of the granules. Because F-actin coated the granules close to the APM ( Fig. 2A) , we investigated whether it could play a role in facilitating this step. To this aim, we labeled the SGs of the m-Tomato mice for F-actin after stimulation with Iso. We observed that 100% of the F-actin-coated granules (481 granules scored; n = 3) were labeled with the mTomato, whereas 2.8 ± 1.8% (average ± SEM, n = 3) of the mTomato-labeled granules were not labeled with F-actin (Fig. S8) . This finding suggested that F-actin was recruited onto the SCGs only after membrane fusion had occurred. Next, we analyzed the dynamics of F-actin recruitment onto the SCGs by transfecting the acini of live rats with GFP-lifeact, a probe that dynamically labels F-actin without compromising its function (37) . We have previously shown that the acini in the SGs can be selectively transfected with fluorescently tagged proteins (27) . As expected, in acinar cells, GFP-lifeact showed a distribution comparable to that of F-actin. In control conditions, GFP-lifeact was localized at the PM and enriched at the apical pole (Fig. S8 ). Upon stimulation with Iso, GFP-lifeact was recruited onto the SCGs and then progressively released during their collapse (Fig. S8 and Movie S10). To analyze the kinetics of F-actin recruitment with respect to the dynamics of the SCGs, we cotransfected red fluorescent protein-lifeact (RFPlifeact) with GFP-farnesyl, a marker for the PM (38) that behaves similarly to the m-Tomato both in resting conditions and under stimulation (Fig. S8) . F-actin was recruited onto the SCGs after a short lag time coinciding with the initial diffusion of membranes from the canaliculi, suggesting that some of the factors controlling the nucleation or the assembly of F-actin might come from the APM (Fig. S8) . This finding also suggests that F-actin assembly occurs after the opening of the fusion pore and most likely does not play any role in this process. Finally, we pharmacologically disrupted the actin cytoskeleton in live animals by using cytochalasin D (CD) (Fig. 3 ) or latrunculin A (Fig. S9) . In resting conditions, no exocytic events were observed, although some small vesicular structures of unknown origin were observed in close proximity to the PM (Movie S11). Upon injection of Iso, SCGs fused with the APM at the same rate described above, but failed to collapse (Fig. 3 A, arrows, and B, and Movie S12) and increased in size, forming large vacuoles two-to threefold larger than the normal granules, as shown by measuring their diameter over time (Fig. 3C, red circles) . These vacuoles were generated by the SCGs fusing with the APM, and not as a result of interfering with endocytic events, as shown by disrupting the actin cytoskeleton in GFP mice (Fig. S9) . Furthermore, we observed that the remaining SCGs fused and rapidly collapsed with the vacuoles in a process reminiscent of compound exocytosis ( Fig. 3D and Movie S13). Latrunculin A treatment produced similar results (Fig. S9 ). These observations suggest that F-actin may play a role in controlling the collapse of the granules and in preventing their homotypic fusion that was not observed under control conditions. Moreover, F-actin may provide a scaffold preventing the expansion of the SCGs that may be driven by the hydrostatic pressure generated by the fluid secretion that we observed during the exocytic process ( Fig. S10 and Movie S14).
Finally, we observed that 5-10 min after stimulation with Iso the total amount of secreted protein was inhibited by almost 50% (Fig. S9) . Because we ruled out that the impairment of the actin cytoskeleton affected the opening of the fusion pore (Fig. S9) , this inhibition may be explained by the fact that the failure of the first SCGs to collapse prevented the discharge of the cargo proteins into the canaliculi. However, after 30 min, all of the SCGs completely fused with the large vacuoles (Fig. S9) , and the level of the secreted protein was comparable to that measured in control conditions. This suggests that the cargo proteins retained in the vacuoles were released into the canaliculi, possibly facilitated by the fluid secretion accompanying exocytosis.
Myosin IIa and IIb Are Recruited onto the Granules and Their Motor
Activity Facilitates the Collapse of the Secretory Granules. The role of F-actin in facilitating the collapse of the SCGs may be linked to the assembly of an actomyosin complex, as described for the contractile ring during cytokinesis (39, 40) . Indeed, nonmuscle myosin IIa has been previously implicated in the regulation of the opening and the closing of the fusion pore during regulated secretion (14, 15, 41) . We determined that, under resting conditions, both myosin IIa and IIb localized in the cytoplasm and at the APM in the SGs (Fig. 4 A and C) , whereas upon stimulation with Iso, both isoforms were recruited onto the surface of the fusing granules (Fig. 4 B and D, arrowheads) . To determine whether these myosins were involved in SCG exocytosis, we pharmacologically blocked their motor activity by using (−) blebbistatin (Bleb), a specific inhibitor of the myosin II ATPase (42) . In animals treated with (−)Bleb, we observed the appearance of few intracellular vesicles of unknown origin and the enlargement of the acinar canaliculi (Fig. 4E, arrows) . Upon stimulation with Iso, although the onset of the fusion events was not affected, the acinar canaliculi further expanded and granules of larger size appeared at the APM (Fig. 4E, arrowheads) . Timelapse sequences showed that a significant proportion of SCGs fused with the APM and abruptly increased in size, as observed when the actin cytoskeleton was disrupted (Fig. 4 G and I and Movie S15). However, under these conditions, SCGs collapsed with the APM, and only a small population collapsed at a slower rate compared with the inactive stereoisomer (+)Bleb (Fig. 4 H and I and Movie S16). These data suggest that myosin IIa and IIb are part of the machinery that regulates the collapse of the granules after fusion with the APM.
Discussion
Here we have shown that IVM enables the imaging of dynamic subcellular processes in small rodents. Specifically, here we have investigated the exocytosis of large SCGs in SGs in vivo, showing that this process is regulated in a different fashion than what was previously reported in ex vivo systems and revealing aspects that were not previously appreciated (9) (10) (11) 24) . First, we have found that the β-adrenergic and not the muscarinic receptors elicit the fusion of the SCGs with the APM and that this process occurs in SGs in vivo through single fusion events and not through compound exocytosis (4, 11) . The reason(s) for the discrepancy between the data derived from explanted organs or acinar preparations and the animal model are difficult to determine. One possible explanation is that the damages derived from the mechanical or enzymatic procedures used to prepare the tissues may activate or alter various signaling pathways, favoring the docking of the granules at the APM and their sensitivity to Ca 2+ signaling, as shown for lysosomal secretion during membrane repair (43) . Moreover, these procedures may disrupt the actin cytoskeleton, resulting in the fusion between the granules at the APM, reminiscent of compound exocytosis (11) .
Furthermore, we have determined that F-actin serves many functions during stimulated secretion in the SGs. First, we have shown that F-actin provides a scaffold counteracting hydrostatic imbalances that might interfere with the dynamics of the granules. This role is most likely restricted to the exocrine glands where regulated exocytosis at the APM is accompanied by fluid secretion. Notably, such a role for F-actin has not been described in ex vivo systems where the hydrostatic pressure does not build up due to the lack of an intact ductal system. Second, we have shown that F-actin prevents the fusion between the SCGs accumulated in the apical area and those fused with the APM. In secretory systems in which the collapse of the SCGs is a slow process, the fused granules may have acquired components of the APM, which makes them more susceptible to fusion with other SCGs (44) . To prevent these fusion events, F-actin could be recruited onto the SCGs, performing a "barrier" function similar to what has been proposed for the F-actin at the APM (18, 23) . Finally, we have shown that F-actin is required to drive the collapse of the SCGs to the APM (Figs. S11 and S12). Our data suggests that F-actin serves as a platform to recruit the actin motors myosin IIa and IIb to form a contractile scaffold that generates the force required for the collapse of the granules (Fig. S12) . The impairment of the assembly of F-actin around the fused SCGs leads to a substantial increase in their size and a complete block of their collapse. On the other hand, the inhibition of the motor activity of myosin II results in a sharp increase in the size of all of the fused SCGs and in the delay of the kinetics of the collapse but in only a small subpopulation of the SCGs. The fact that (−)Bleb did not completely block the collapse of the granules might be due to a partial inhibition of the myosin activity, and, unfortunately, higher concentrations of (−)Bleb could not be used because they induce nonspecific effects on the cell membranes. Two other possibilities are that either other molecules are involved in this process (e.g., another myosin) or that, when myosin II activity is impaired, the collapse of the SCGs is regulated by a different mechanism. Moreover, because (−)Bleb inhibits the activity of both myosin IIa and IIb, we could not assess whether the mysosins perform different functions during SCG exocytosis in SGs as described in other systems (14, 15, 45) . Overall, our data show that the dynamics of exocytosis of large SCGs can be studied in live animals by IVM at the level of the single exocytic event. We have shown that, in the SGs, granules undergo fusion at the APM and slowly collapse, releasing their contents in a process that requires the involvement of the actin cytoskeleton.
It is important to emphasize that our approach shows some limitations. Although we have successfully analyzed the dynamics of large SCGs (this study) and endosomal structure (27) (28) (29) , it will probably be more difficult to study smaller structures such as 50-nm synaptic vesicles that exocytose in a few milliseconds. However, microscopes with faster scanning speed and genetically encoded probes with higher quantum efficiency may soon overcome this current difficulty.
In conclusion, we have shown that IVM is a powerful tool for studying subcellular events in physiological conditions. We envision that this approach could be extended to other exocrine glands such as the pancreas and the lacrimal glands or other secretory organs that are surgically accessible and, more broadly, to address fundamental biological issues in other areas of cell biology.
Materials and Methods
Animals were brought into the laboratory from the vivarium at least 2 d before the experiment, fed chow and water ad libitum, and allowed to acclimate in the new environment to prevent stress-induced secretion that may affect the outcome of the experiments (8) . Animals were anesthetized, the SGs were externalized, and the body temperature of the animals was controlled (25) . Controlling the appropriate temperature (around 37°C) is one of the major sources of variability for this kind of experiment. Imaging was performed in the inverted configuration (Fig. S1) . The externalized SGs were accommodated on a coverslip mounted on the stage above the objective. The SGs and the body of the animal were immobilized using custommade holders. Particular care was taken in controlling the blood flow so that it was not significantly reduced as a consequence of excessive pressure applied on the tissue. This can be assessed by visually looking at the flow of the erythrocytes in the vessels close to the acinar structures. All secretogues were injected s.c. into the dorsal side of the animal.
